Aquifer characterization needs are currently being assessed to optimize pump-and-treat remedial strategies within the 200-ZP-1 operable unit, specifically for the immediate area of the 241-T Tank Farm. Currently, two extraction wells are actively used in the 241-T Tank Farm pump-and-treat system: wells 299-W11-45 and 299-W11-46. This pump-and-treat system is operated for the purpose of remediating the existing technetium-99 (Tc-99) contamination in groundwater within this area.
The letter report provides a general discussion of the six identified hydrologic test methods for possible subsequent characterization within the 241-T Tank Farm area and details for implementing the large-scale recovery test after terminating pumping at the 241-Tank Farm extraction well locations. Specifically, Section 2 identifies available well information and recently conducted hydrologic characterization tests that have been performed for T Tank Farm test wells. Section 3 discusses the six hydrologic test characterization methods identified above and particularly as they relate to numerical modeling information needs for the 241-T Tank Farm area (i.e., improving contaminant transport and capture and optimizing pump-and-treat strategies). Section 4 provides test plan details for implementing the largescale recovery test following shut-down of the 241-T Tank Farm pump-and-treat system. 
Introduction/Background
Fluor Hanford, Inc. is currently assessing aquifer characterization needs to optimize pump-and-treat remedial strategies in the 200-ZP-1 operable unit (OU), specifically for the immediate area of the 241-T Tank Farm. In addition, Fluor Hanford is focusing on identifying the optimum location for planned characterization well T-6 that will be used to further refine the 3-dimensional distribution of technetium-99 ( 99 Tc) within the area and will potentially be used as an additional pump-and-treat extraction well location. Currently, two extraction wells are actively used in the 241-T Tank Farm pump-and-treat system: wells 299-W11-45 and 299-W11-46 (Figure 1 .1). These two extraction wells were activated and placed within the pump-and-treat system beginning in September 2007. Large-scale hydrologic test characterization using the water-level recovery/rebound analysis after terminating the pumping of 241-T Tank Farm pump-and-treat extraction wells.
2.1
Available T Tank Farm Hydraulic Characterization Information
As an initial step of the hydrologic test method assessment, a review of available well information and recently conducted hydrologic characterization tests was performed for T Tank Farm test wells. 
2.4
In addition to these 11 well sites, three of the T Tank Farm test wells have been progressively slug tested during the course of borehole drilling. This type of characterization was designed to provide an assessment of the variation and vertical distribution of hydraulic conductivity and hydrochemical contamination with depth within the unconfined aquifer at these specific locations. This type of characterization information is important for predicting/simulating contaminant migration (i.e., numerical flow/transport modeling) and designing proper monitor well strategies for specific OU locations. The specific test sites where detailed depth/interval slug test characterization was previously conducted include the following wells: 299-W11-25B, 299-W11-45, and 299-W11-47. Results obtained for well 299-W11-25B were obtained in support with Site-Wide Resource Conservation and Recovery Act (RCRA) Waste Management Area (WMA) testing activities and are reported in Spane and Newcomer (2008) . The testing of wells 299-W11-45 and 299-W11-47 was outside RCRA characterization funding activities and were not previously analyzed or documented as part of this program. These test data are available, however, and can be analyzed to provide hydraulic conductivity depth-profile information for these two T Tank Farm well site locations. 
Hydrologic Test Method Discussion
The following discussion pertains to the six hydrologic test characterization methods identified in the Introduction/Background section that were identified for possible consideration during the February 2008 T Tank Farm data needs meetings. These hydrologic test methods are discussed with their relevance to information that could be provided, if implemented, as they relate to numerical modeling needs for the 241-T Tank Farm area (i.e., improving contaminant transport and capture and optimizing pump-and-treat strategies). Based on a relative test method comparison, it is recommended that the large-scale areal recovery test (Section 3.6) be implemented first for improving the overall hydraulic characterization information available for this specific Hanford location. Base on an analysis of these areal recovery test results, additional hydrologic test methods (presented below) may be considered for improving contaminant capture and optimizing the pump-and-treat system performance.
Multi-Well Forced-Gradient Tracer Test
Multi-well, forced-gradient tracer tests require the presence of a nearby injection and extraction well couplet to establish a high, inter-well hydraulic gradient to transport a conservative tracer (e.g., bromide) during the period of testing. If the inter-well hydraulic properties are known from previous hydraulic characterization tests, the tracer arrival and breakthrough profile characteristics at the extraction well can be analyzed to provide information concerning aquifer longitudinal dispersivity and effective porosity. These are important parameters for optimizing the design of contaminant capture using pump-and-treat systems. A review of existing T Tank Farm wells (Figure 1.1) , however, indicates only two adjacent wells (couplet: well 299-W11-39/W11-46 and 299-W11-42/W11-46) that have the required inter-well distance relationships (9.3 and 28.2 m, respectively; Table 2 .1) that would allow full tracer breakthrough over a reasonable testing time period (e.g., 2 to 6 weeks). In addition, the available well couplets have overlapping well-screen depth/elevation conditions (Table 2 .1), which adds a level of uncertainty to the tracer-test analysis results. For these reasons, it is recommended that a multi-well, forced-gradient tracer test be considered for future characterization activities when additional wells may be available with more favorable completion and distance relationships within the T Tank Farm area. An example of a successfully conducted multi-well, forced-gradient tracer test that was directly part of remedial action activities performed at the Hanford Site is presented in a letter report by Spane and Newcomer. (a) 
Multi-Well Convergent (Pump-and-Treat) Tracer Test
Like the multi-well, forced-gradient tracer test, a convergent tracer test provides information concerning aquifer longitudinal dispersivity and effective porosity and requires the presence of relatively closely located wells surrounding an extraction well. This type of tracer test does not use a continuous injection well (i.e., in conjunction with the extraction well) to establish an artificially imposed, high hydraulic gradient condition, and as a consequence, tracer-test arrival times may be considerably longer for full tracer breakthrough and recovery. An attractive advantage for this type of tracer test, however, is that it could be performed in concert with ongoing pump-and-treat operational activities and would not require a separate hydrologic test. A review of existing well locations shown in Figure 1.1 
Slug Testing Within Existing Wells
As listed in Table 2 .2, slug-test characterization has been routinely conducted since FY 1999 at completed T Tank Farm monitoring well locations and has been reported in Spane et al. (2001a Spane et al. ( , 2001b Spane et al. ( , 2002 Spane et al. ( , 2003 and Newcomer (2004, 2008) as part of ongoing RCRA site characterization activities. As shown in Table 2 .2, however, four of the existing T Tank Farm wells, 299-W10-33, 299-W11-45, 299-W11-47, and 299-W11-48, were not tested after final well completion. These wells should be considered for slug testing for inclusion within the characterization data set used for assessing spatial variability of hydraulic conductivity within the T Tank Farm area.
It should also be noted that the majority of the T Tank Farm test wells were tested between FY 1999 and FY 2002. Since this time, the water table has declined in excess of 1.5 m over current conditions. The question could be raised as to the representativeness of these earlier slug-test characterizations for the current lower water-table conditions. As a point of addressing this topic, Spane and Newcomer (2008) reported that the slug-test results collected within the general 200-West Area between FY 1999 and FY-CY 2005 provided average hydraulic conductivity estimates that were surprisingly consistent with previously cited historical hydraulic conductivity values listed for the Ringold Formation within the 200-West Area (e.g., DOE/RL 1993; 200-West Area, 0.02 to 61 m/day) when water-table elevations within the unconfined aquifer were significantly higher (i.e. ≥3 m) than current conditions. This close similarity in hydraulic conductivity range suggests that the overlying (now de-saturated) Ringold Formation units possess similar areal hydraulic property characteristics as currently exhibited within the current upper 10 m of the unconfined aquifer within the general 200-West Area, although some local differences would likely exist. Even though this general correspondence suggests that rather similar areal hydraulic properties may exist for saturated and recently de-saturated sections of the unconfined aquifer sediments in the T Tank Farm region, it is recommended that additional, follow-up slug testing be implemented for confirmatory purposes. In addition to testing the four previously identified, un-tested T Tank Farm wells, it is recommended that a number of the earlier slug-tested wells near the current extraction well 299-W11-46 (e.g., 299-W11-39, 299-W11-42) be re-tested. It is suggested that the proposed slug testing at existing wells be considered as a future characterization activity after additional large-scale characterization has been conducted, and additional wells have been added within the T Tank Farm area.
Dynamic Electromagnetic Flowmeter Surveys
Briefly stated, dynamic electromagnetic flowmeter (EBF) surveys provide direct measurements of groundwater in-flow along the saturated well screen during a constant-rate pumping test. The various measured inflow rates vs. depth are directly related to the vertical profile of hydraulic conductivity outside the well screen within the surrounding aquifer formation. A detailed description of EBF instrumentation and application of surveys for site characterization is presented in Spane and Newcomer (2008) .
3.3
A review of available hydrologic test characterization information indicates that no dynamic EBF flowmeter surveys have been conducted in the T Tank Farm area. A number of dynamic flowmeter surveys, however, have been successfully completed to provide detailed hydraulic-conductivity vs. depthprofile information at other Hanford Site locations, e.g., 300 Area and 100-D Area (to be published in reports that are in progress). Examples of using EBF survey information to develop vertical depth profiles of hydraulic conductivity and geostatistical realizations within the surrounding aquifer materials are presented in Vermeul et al. (2004) and Li et al. (2008) .
It should be noted that the level of depth profile characterization is limited by the available saturated wellscreen sections of existing wells. With this respect, Table 2 .1 indicates that T Tank Farm well 299-W11-48 has the largest available saturated well-screen section of 27.5 m.; however, this section is located approximately 10 to 37.5 m below the current water table. If combined with other test well EBF characterization surveys (e.g., well 299-W11-39 and extraction wells 299-W11-45 and 299-W11-46), a composite areal hydraulic conductivity vs. depth profile could be developed for the upper ~48 m of the unconfined aquifer within the 241-T Tank Farm pump-and-treat system. It is recommended that the proposed EBF characterization surveys be considered as a future characterization activity after additional large-scale characterization has been conducted, e.g., recovery following T Tank Farm pump-and-treat system shut-down. It is also recommended that any wire-wrap well screens used for new T Tank Farm well installations have at least one solid joint (i.e., ~3 inches in length). This solid joint section is useful for correcting EBF surveys for bypass flow effects between the flowmeter packer and the well screen.
Progressively Drill/Slug Tested Characterization Boreholes
As previously discussed in Section 3, T Tank Farm test wells 299-W11-25B, 299-W11-45, and 299-W11-47 were slug tested during the course of drilling the test wells to assess the variation and vertical distribution of hydraulic conductivity with depth within the unconfined aquifer at these specific locations. As noted previously, only one of these test wells has been analyzed with formal report documentation (i.e., well 299-W11-25B, Spane and Newcomer 2008) . As shown in Figure 2 .2, higher values of hydraulic conductivity, K, appear to be visually correlated with higher contaminant levels for 99 Tc vs. depth at this well location. This type of characterization correlation information is important for predicting/simulating contaminant migration (i.e., numerical flow/transport modeling) and designing proper monitor well strategies for specific OU Tank Farm locations.
It is recommended that the test/depth interval results obtained during the drilling of extraction well 299-W11-45 and for well 299-W11-47 be formally analyzed and documented and that this characterization method be used during the drilling of any future deep T Tank Farm wells. It is also recommended that these proposed characterization activities be considered after additional large-scale characterization testing has been conducted e.g., large-scale recovery test associated with the shut-down of the T Tank Farm pump-and-treat system.
Large-Scale Areal Recovery Test (Shut-Down of 241-T Pump-and-Treat System)
A number of programs have been implemented on the Hanford Site that use the pumping and treatment of contaminated groundwater as part of their remediation strategy (e.g., DOE/RL 2000). As noted in Spane 3.4
and Thorne (2000) , the implementation of remedial pump-and-treat systems results in hydraulic pressure responses both areally and vertically (i.e., with depth) within the pumped unconfined aquifer system. The distance, or radius of influence, imposed by the pump-and-treat system is a function of a number of physical factors and test-facility operation characteristics. Important physical factors include aquifer properties (i.e., hydraulic conductivity, vertical anisotropy, specific yield, aquifer thickness) and well/aquifer completion relationships (i.e., partial penetration aspect). Test-facility operation characteristics include the location, duration, magnitude, and variability of groundwater extraction and injection within the aquifer.
The analysis of areal water-level responses imposed by the 241-T Tank Farm pump-and-treat system provides an opportunity for obtaining detailed, large-scale information for a wide range of hydrologic properties (i.e., transmissivity, hydraulic conductivity, vertical and horizontal anisotropy, storativity, and specific yield). Many of these properties cannot be reliably estimated using standard single-well tests or hydrologic tests of short duration. This large-scale hydrologic characterization information can provide valuable input for assessing and optimizing the performance of the 241-T Tank Farm pump-and-treat facility and for predicting contaminant movement in this region of the 200-West Area.
Currently, two extraction wells are actively used in the 241-T Tank Farm pump-and-treat system: wells 299-W11-45 and 299-W11-46 (Figure 1 .1). These wells were activated and placed within the pump-andtreat system beginning in September 2007. Pumping rates for the two extraction wells have varied since September 2007 to present, but since the end of December, the pumping rates have been relatively stable at approximately 11.7 and 37.1 gpm for wells 299-W11-45 and 299-W11-46, respectively. It is proposed that pumping at the 241-T Tank Farm extraction wells be terminated in a controlled fashion, and the associated areal recovery pressure rebound be monitored and analyzed to provide large-scale hydraulic and storage properties. This type of large-scale hydrologic characterization is directly analogous to the successful analysis of the monitored recovery following a temporary shut-down of the 200-ZP-1 pumpand-treat system southwest of the TX-TY Tank Farm that occurred at the beginning of CY 2000, as reported and discussed in Spane and Thorne (2000) .
It should be noted that an inherent assumption in hydraulic test analysis is that the well water-level responses analyzed are caused solely by the imposed hydrologic stress (i.e., the pump-and-treat system shut-down). Natural external stresses such as barometric pressure fluctuations, however, can have a discernible impact on well water-level measurements and may significantly mask waterlevel responses within more distant wells from the extraction-well locations. In those situations, it is likely that the removal of barometric pressure fluctuation effects from the well measurements will be required before quantitative hydrologic analysis of the recovery/rebound areal response. These barometric removal methods are presented in Spane and Thorne (2000) and are discussed in more detail in Rasmussen and Crawford (1997) and Spane (1999 Spane ( , 2002 . Recommended steps and procedures for implementing the large-scale recovery test following shut-down of the 241-T pump-and-treat system are included in the following large-scale recovery test plan.
Test Plan for Large-Scale Recovery Test
The following test plan is based primarily on the results and discussion contained in Spane and Thorne (2000) of the similar large-scale recovery test following shut-down of the 200-ZP-1 pump-and-treat system immediately southwest of the TX-TY Tank Farm area. This large-scale recovery test occurred at the beginning of CY 2000.
An examination of the distribution of existing monitoring wells surrounding the 241-T Tank Farm area (shown in Figure 1 .1) indicates that the majority of these wells are situated more closely to extraction well 299-W11-46. Table 2 .1 provides distance relationships of the surrounding monitor wells to extraction well 299-W11-46 and well-screen completion elevations. Based on the information provided in Spane and Thorne (2000) and existing well distance/completion information, the following steps/activities are recommended:
Terminate pumping at extraction well 299-W11-45 at least 3 weeks before terminating pumping at extraction well 299-W11-46
Following stabilization of effects from the shut-down of extraction well 299-W11-45, monitor the recovery following shut-down of extraction well 299 W11-46
Baseline monitoring period for barometric response analysis/removal
Monitor drawdown during re-establishment of pumping at extraction wells 299 W11-45 and 299-W11-46.
Terminating Pumping at Well 299-W11-45
Because of the relatively low pumping rate (i.e., ~11.7 gpm) and the larger distance to other surrounding monitoring wells (i.e., greater than 75 m), it is recommended that pumping at extraction well 299-W11-45 be terminated first, at least 3 weeks before terminating pumping and detailed monitoring of the areal recovery surrounding extraction well 299-W11-46. This early termination of pumping at well 299-W11-45 is to lessen the hydrologic impact from this well and to improve the quantitative recovery analysis of monitoring wells surrounding extraction well 299-W11-46. The frequency of measuring the recovery of pumping well 299-W11-45 following cessation of pumping at this well location should be as often as possible during the early recovery stages if an automated datalogger/in-well pressure transducer system is deployed. Ideally, the in-well recovery pressure measurement frequency within well 299-W11-45 should follow these monitoring guidelines: If an automated recording system is not available at well 299-W11-45 (i.e., only a visual monitor and manual recording capability) then in-well pressure readings should be taken as quickly as possible during the first 3 to 5 minutes of recovery, and the following recording frequency should be maintained: every 30 secs until 10 min; every 1 min from 10 to 20 min of recovery; every 2 min from 20 to 30 min of recovery; every 3 min from 30 to 42 min of recovery; every 4 min from 42 to 50 min of recovery; every 5 min from 50 to 70 min of recovery; every 10 min from 70 to 120 min of recovery; and every 15 to 20 min after 120 min.
No formal recovery analysis will be attempted at the other surrounding monitoring wells because of their relative distance and proximity to the ongoing pumping occurring at extraction well 299-W11-46. Nevertheless, a recovery pressure perturbation may be exhibited at these distant well sites and be useful for planning purposes for the subsequent formal recovery analysis associated with termination of pumping at extraction well 299-W11-46. With this regard, if an automated datalogger/in-well pressure transducer system is available at the nearest surrounding T Tank Farm wells (e.g., well 299-W11-39, 299-W11-46), then the following general measurement frequency guidelines are recommended at these well sites during the recovery following shut-down of extraction well 299-W11-45: every 10 sec for the first 5 min to 60 min of recovery and then 10 to 15 min after 1 hour.
Terminating Pumping and Detailed Recovery Monitoring Surrounding Well 299-W11-46
It is recommended that termination of pumping at extraction well 299-W11-46 and the formal monitoring of recovery at surrounding T Tank Farm monitoring wells commence no sooner than 3 weeks following termination of pumping of distant extraction well 299-W11-45. The following seven T Tank Farm wells, listed in Table 2 .1, are identified as having the highest monitoring priority during the recovery period: 299-W10-24, 299-W11-39, 299-W11-40, 299-W1142, 299-W11-45, 299-W11-46, and 299-W11-48. It is recommended that these wells be equipped with in-well pressure transducers and automated datalogger systems. Of the remaining wells listed in Table 2 .1, the following priority ranking is provided. These wells can be monitored during the recovery based on availability of automated monitoring recording equipment: 299-W11-47, 299-W11-41, 299-W10-23, 299-W10-28, and 299-W10-33.
4.3
It is recommended that the frequency of measuring the recovery of extraction well 299-W11-46 and nearby monitoring well 299-W11-39 (following termination of pumping) should closely follow that specified in Section 4.1 for measurement frequency at well 299-W11-45 following its pumping shutdown. Because of their greater distance from the extraction well location, the other five identified high priority monitoring wells will require a lower measurement frequency. To conserve manpower in the field for adjusting datalogger recording times, the in-well pressure measurements for these remaining high-priority wells may be recorded every 30 to 60 sec for the first 8 hours of recovery and then adjusted to a frequency of every 15 min for recovery times > 8 hours. A similar recording frequency can be adopted for the more distant lower priority monitoring wells (e.g., 299-W11-47). In the event of measurement/datalogger recorder failure during the first 8 hours of recovery, manual depth-to-water measurements (referenced to the well brass cap datum) should be taken as rapidly as possible and/or as recommended above. These manual measurements should be maintained during the recovery time period until automated readings can be re-established. For extended periods of datalogger/recording equipment failure, manual depth-to-water measurements should be maintained on a once-a-day basis until the automated readings can be re-established.
The estimated recovery period required to provide adequate time for assessing areal hydraulic properties within the 24-T Tank Farm area is difficult to predict because of its dependence on the prior pumping rate history, aquifer hydraulic/storage properties, well/aquifer penetration aspect relationships, and anisotropy within the unconfined aquifer system. However, based on semi-quantitative recovery simulations, it is recommended that the recovery period following termination of pumping of extraction well 299-W11-46 be conducted for a 1 to 2 month period.
Extended Baseline Monitoring
As part of baseline monitoring for assessing and removing barometric response characteristics, the same data set used to monitor recovery at monitoring wells following pumping termination at well 299-W11-46 will be analyzed for individual well/aquifer barometric response characteristics. This requires measuring the barometric pressure to be recorded at the same frequency and time as long-term, in-well recovery pressure readings (e.g., every 15 min) at one or two of the monitoring well locations during the entire recovery period. Detailed examples of the barometric pressure evaluation and removal process for a neighboring 200-ZP-1 pump-and-treat monitor well system are provided in Spane and Thorne (2000) .
Re-Establishment of Pumping at 241-T Tank Farm Extraction Wells
Following the monitored recovery period, pumping will be re-initiated at the 241-T Tank Farm pumpand-treat extraction wells. This initiation of pumping will produce an areal drawdown response that can also be monitored and analyzed to provide corroboration of the recovery/rebound characterization analysis. The monitoring of the pumping drawdown phase would mirror guidelines provided for the recovery characterization. In this instance, it is recommended that the pumping be re-initiated first at extraction well 299-W11-46, and the associated drawdown should be monitored at surrounding wells for a 1 to 2 month period. The same measurement frequencies as recommended in Section 4.2 would be relevant for this drawdown monitoring phase. It is recommended that after monitoring the associated drawdown response for a 1 to 2 month period, pumping at extraction well 299-W11-45 can be reestablished.
4.4
General Guidelines
All 241-T Tank Farm pump-and-treat performance information (e.g., pumping rate records, in-well drawdown data) should be collected and made available prior to termination of pumping at extraction well 299-W11-46
All datalogger time systems and field clocks used for well recovery monitoring should be synchronized with official U.S. time (e.g. http://www.time.gov/timezone.cgi?Pacific/d/-8/java).
Depth-to-water measurements should be taken within all wells monitored following termination of pumping at extraction well 299-W11-46. Depth-to-water measurements should accurately recorded with respect to time, specifically at the beginning, end, and periodically during (e.g., weekly, bi-monthly) the recovery phase.
Field recovery datalogger systems should be downloaded on a daily basis during the first week of recovery following termination of pumping at well 299-W11-46.
Accurate and detailed field notes should be maintained during all phases of the largescale recovery test
